In Brief
Sensing the level of oxygen is essential for survival, but no mammalian olfactory system has been implicated. Bleymehl et al. demonstrate that low oxygen activates mouse sensory neurons that express the soluble guanylate cyclase Gucy1b2 and the cation channel Trpc2.
INTRODUCTION
The sense of smell relies predominantly on the repertoire of $1,100 odorant receptor genes expressed in canonical olfactory sensory neurons (OSNs) in the main olfactory epithelium (MOE) (Buck and Axel, 1991) . The mouse olfactory system comprises a variety of additional subsystems that detect a wide diversity of molecular cues in the external environment (Dey and Stowers, 2016; Munger et al., 2009) . We have described a novel subpopulation of sensory neurons in the mouse MOE: type B cells Mombaerts, 2014, 2015; Saraiva et al., 2015) . Type B cells express the transient receptor potential cation channel Trpc2, thought for many years to be expressed exclusively in vomeronasal sensory neurons (VSNs), where it is a critical component of signal transduction (Leypold et al., 2002; Lucas et al., 2003; Stowers et al., 2002) . Within the MOE, type B cells are unique in their expression of the soluble guanylate cyclase Gucy1b2, a molecule that is poorly characterized. We refer to Trpc2+ Gucy1b2+ neurons of the MOE as type B cells in order to distinguish them from Trpc2+ Gucy1b2À cells of the MOE (type A cells), some of which express odorant receptor genes (Omura and Mombaerts, 2014) .
The functions of type B cells remain enigmatic, and no sensory stimuli have been described. Molecularly, type B cells are fundamentally different from canonical OSNs and VSNs Mombaerts, 2014, 2015; Saraiva et al., 2015) , suggesting that their ligands are also fundamentally different. First, type B cells do not appear to express odorant receptor genes, vomeronasal receptor genes, or trace amine-associated receptor genes. Second, type B cells express the cyclic nucleotide-gated channel subunit Cnga2 (characteristic for OSNs) and Trpc2 (characteristic for VSNs), but not the adenylate cyclase Adcy3 (characteristic for OSNs). Third, the differential, higher expression of 55 genes by type B cells compared to canonical OSNs defines type B cells as a cell type that is molecularly distinct from OSNs.
Here, we report the first sensory stimulus for type B cells: a reduced level of oxygen, hereafter referred to as low environmental oxygen or low oxygen. The behavioral deficits in a novel gene-targeted mouse strain carrying a knockout mutation in the Gucy1b2 locus are consistent with a biological function of type B cells as sensors for low oxygen in the external environment.
RESULTS

Low Oxygen Directly Activates Type B Cells
Type B cells can be visualized in the MOE of mice of the gene-targeted Gucy1b2-IRES-tauGFP strain, in which Gucy1b2 remains intact in its coding region and is coexpressed with a fusion protein of tau and GFP (Omura and Mombaerts, 2015) ( Figure 1A ). We hereafter abbreviate this mutant allele as Gucy1b2-GFP. To determine the chemical cues that are detected by these neurons, we dissociated the MOE of homozygous (À/À) Gucy1b2-GFP mice. This procedure yielded 0.4%-1.9% GFP-positive cells (GFP+, type B) in the dissociated cell preparations. The remaining cells are GFP negative (GFPÀ, non-type B). This proportion of GFP+ cells in the dissociated cell preparations is consistent with the sparse distribution of type B cells within the MOE Mombaerts, 2014, 2015) . For comparison, we also analyzed type A cells, which were identified through post hoc immunostaining with Adcy3.
We loaded the dissociated cells with the Ca 2+ indicator fura-2/AM. We performed ratiometric Ca 2+ imaging (Pé rez-Gó mez et al., 2015) in order to visualize neural activity after chemical stimulation. Cells were continuously superfused with oxygenated solution (95% O 2 , 0% N 2 , and 5% CO 2 ) yielding an O 2 tension (PO 2 ) of 161 mmHg (1 mmHg = 133.3 Pa), which is equivalent to a relative atmospheric O 2 level of 21.7% ( Figure S1A ). Under these conditions, type B cells did not show spontaneous Ca 2+ transients but responded to elevated KCl (30 mM) with a Ca 2+ rise. Switching for 20 s to a solution with a low oxygen level (60% O 2 , 35% N 2 , and 5% CO 2 ; yielding a PO 2 of 138 mmHg, equivalent to a relative atmospheric O 2 level of 18.6%; Figure S1A) but keeping the CO 2 level and pH constant produced a transient rise in intracellular Ca 2+ in 69% of type B cells (142/ 206), whereas 0/110 non-type B cells responded to this stimulus ( Figure 1B ; Figure S1F ). Ca 2+ elevations in type B cells to low oxygen levels could be repeated multiple times without obvious desensitization ( Figure 1C ) and persisted when minutes-long stimuli were applied (Figures S1B and S1C).
Stimulus-response curves derived from 18 single type B cells ( Figures 1D and 1E ) allowed us to make three inferences about the oxygen-sensing mechanism. First, these curves are nearly identical, suggesting that the cells expressed an oxygen sensor with identical or very similar molecular properties. Second, the stimulus-response curves are extremely steep, with Hill coefficients of 22.95 ± 3.3; hence, their relative dynamic range is narrow, comprising a difference in O 2 levels of $1.4 ppm (44 mM). Third, the 10%-90% operating range of these cells (153-126 mmHg; EC 50 = 137.9 ± 1.5 mmHg) is far above the range of normal ($100 mmHg) PO 2 values in arterial blood or the working range of carotid body chemosensors, the major sensors of blood oxygen in mammals (Ló pez- Barneo et al., 2016; Prabhakar, 2016; Semenza, 2011) . It is therefore unlikely that type B cells detect the level of oxygen in blood.
Type B cells also generated a Ca 2+ rise to stimulation with 3-isobutyl-1-methylxanthine (IBMX, 100 mM), which inhibits endogenous phosphodiesterases, and to 8-bromo-cGMP (8-br-cG, 500 mM), a membrane-permeable cyclic guanosine 3 0 ,5 0 monophosphate (cGMP) analog (Figures S1D and S1F). But unlike canonical OSNs, type B cells did not respond to forskolin (50 mM), which activates adenylate cyclase (Figures S1D and S1F). Type A cells did not respond to low oxygen but responded to IBMX with a Ca 2+ rise ( Figure S1D ). Several other chemostimuli failed to produce Ca 2+ elevations in type B cells ( Figure 1F ; Figure S1F ), including carbon disulfide (CS 2 , 13 mM), a volatile semiochemical (Munger et al., 2010) ; mouse urine (1:100), a (E) Stimulus-response curves obtained from single type B cells (n = 18; dashed gray lines). Each cell was stimulated with 20 s pulses of solution containing distinct oxygen levels (mmHg). Relative changes in peak fluorescence ratio induced by a given stimulus were normalized to the maximum peak fluorescence ratio of a given cell. Curves are fit using the Hill equation combined with an iterative Levenberg-Marquardt nonlinear, least-squares fitting routine, defining EC 50 , slope (À22.9 ± 3.0), and saturation (1.0 ± 0.05). Solid black curve represents a fit of the mean stimulus-response curve using all measured data points (chi-square 0.201823; p = 0.99). Responses were recorded during a 4 min trial period with a 1 min recovery period between trials (illumination off). Each stimulus was tested one to three times per cell. Numbers are presented as mean ± SD. rich source of natural pheromones; a mixture containing 100 volatile odorants (Henkel 100, 1:100); and a mixture containing four volatile predator odors (Pé rez-Gó mez et al., 2015). Moreover, type B cells did not respond to shifting the proton (H + ) concentration in the solution to values of pH 6.5 or 7.5 (Figures S1E and S1F). Taken together, low oxygen generates rapid, graded, and seemingly non-adapting responses in type B cells.
Gucy1b2 and Trpc2 Are Required for Type B Cell Responses to Low Oxygen Next, we investigated the mechanistic basis of low-oxygenevoked Ca 2+ rises in type B cells.
Removal of extracellular Ca 2+ abolished the responses in a reversible manner, indicating that responses were triggered primarily by Ca 2+ entry into the cells (Figure 2A ; Figure S1H ). To determine whether Gucy1b2 is essential for the evoked Figure 2 . Low-Oxygen-Evoked Ca 2+ Responses of Type B Cells Require Ca 2+ Entry, Gucy1b2, and Trpc2 (A) Recording example indicating that Ca 2+ responses to low oxygen (122 mmHg) depend on Ca 2+ entry into type B cells. Removal of external Ca 2+ eliminated the response in a reversible manner. (B) Recording examples of Ca 2+ responses in type B cells from Gucy1b2-GFP À/À mice, Gucy1b2-KO* À/À mice, and Trpc2-KO* À/À mice. Cells were stimulated with low oxygen (122 mmHg) or KCl (30 mM). (C) Group data indicating that the Ca 2+ responses to low oxygen require Gucy1b2 (Gucy1b2-KO* À/À, n = 4 mice) and Trpc2 (Trpc2-KO* À/À, n = 5 mice) (PO 2 : 138, 129, or 122 mmHg) (ANOVA: F(14,398) = 12.791, p < 0.0001; LSD: *p < 0.05, **p < 0.001, ***p < 0.0001). Responses to 8-bromo-cGMP (8-br-cG; 500 mM) or KCl (30 mM) do not differ between the three genotypes (LSD: p = 0.66-0.71). Maximum fluorescence ratios are plotted; number of cells for each genotype and stimulus condition is indicated above each bar. No significant difference was observed between Gucy1b2-GFP À/À mice and Gucy1b2-KO* +/À mice in the responsiveness of their type B cells (n = 6; LSD: p = 0.55). (D and E) Recording example (D) and group data (E) (n = 3 mice) indicating that type B cells in Cnga2-KO* MUT mice have normal Ca 2+ responses to low oxygen but lack responsiveness to 8-br-cGMP (500 mM). Number of cells is indicated above each bar. (F) Recording example indicating that Ca 2+ responses to low oxygen in a type B cell (Gucy1b2-GFP À/À mouse) are eliminated after a 10 min treatment with ODQ (10 mM) (paired t test: t = 3.835, *p < 0.05), whereas the response to 8-br-cGMP (500 mM) is not. (G-I) Recording examples (G and I) and group data (H) showing the effects of the PKG inhibitor KT5823 (10 mM) on type B cell Ca 2+ responses to low oxygen (138 mmHg) or 8-br-cGMP (50 mM). Responses to low oxygen are blocked by KT5823 in a reversible manner (ANOVA: F(2,20) = 26.856, p < 0.0001; LSD: ***p < 0.0001), whereas responses to 8-br-cGMP remain unaffected (p = 0.17). Number of independent recordings is indicated above each bar. (J and K) Lack of effect of the NOS inhibitor L-NAME (100 mM) on type B cell Ca 2+ responses to low oxygen (138 mmHg) (paired t test: t = 2.359, p = 0.078). Results in histograms are presented as mean ± SEM. responses in type B cells, we generated a novel mouse strain with a gene-targeted knockout (KO) in the Gucy1b2 gene, Gucy1b2-D-IRES-tauGFP (hereafter abbreviated as Gucy1b2-KO). Because the GFP sequence is spliced out of the mutant transcripts, the cells expressing the mutant allele do not express GFP ( Figure S2 ). Therefore we crossed the Gucy1b2-KO mutation with the gene-targeted Trpc2-IRES-taumCherry mutation (Omura and Mombaerts, 2014) , in which Trpc2 is intact in its coding sequence and coexpressed with a fusion of tau and mCherry. Mice of this cross are referred to as Gucy1b2-KO*, with the asterisk referring to the intrinsic fluorescence of mCherry. Gucy1b2-KO* mice can be heterozygous (+/À) or homozygous (À/À) for the Gucy1b2-KO mutation but are always homozygous for Trpc2-IRES-taumCherry and are referred to as, respectively, Gucy1b2-KO* +/À or Gucy1b2-KO* À/À. In mice of this cross, we performed post hoc immunostaining (Chamero et al., 2011) for Adcy3 to distinguish type B cells (which are Adcy3À and mCherry+) from type A cells (which are Adcy3+ and mCherry+); canonical OSNs are Adcy3+ and mCherryÀ ( Figure S1G ). We found that low-oxygen-evoked Ca 2+ rises were abolished in type B cells from Gucy1b2-KO* À/À mice, whereas responses to 8-bromo-cGMP or KCl remained normal ( Figures 2B and 2C ).
Next, we performed similar experiments in mice that are homozygous for Gucy1b2-GFP and homozygous for a knockout mutation in the Trpc2 gene (Trpc2-KO) (Omura and Mombaerts, 2014) . These doubly homozygous mice are referred to as Trpc2-KO* À/À mice, with the asterisk referring to the intrinsic fluorescence of GFP. Here, too, we found that low-oxygen-evoked Ca 2+ rises were abolished in type B cells from Trpc2-KO* À/À mice, whereas responses to 8-bromo-cGMP or KCl remained normal ( Figures 2B and 2C) . These results identify both Gucy1b2 and Trpc2 as essential molecular components of the signal transduction machinery that underlies the sensing of low oxygen by type B cells.
To determine whether Cnga2 is required for low-oxygenevoked Ca 2+ elevations in type B cells, we performed experiments in mice that are homozygous for Trpc2-IRES-taumCherry and hemizygous (males) or homozygous (females) for a knockout mutation in the Cnga2 gene, which is located on the X chromosome (Zheng et al., 2000) . Mice of this cross are referred to as Cnga2-KO* MUT, with the asterisk referring to the intrinsic fluorescence of mCherry and MUT referring collectively to mice that are hemizygous or homozygous for the Cnga2 knockout mutation. Low-oxygen-evoked Ca 2+ rises and responses to KCl remained normal in type B cells of Cnga2-KO* MUT mice, whereas responses to 8-bromo-cGMP were absent ( Figures  2D and 2E) . Thus, Cnga2 is not required for the sensing of low oxygen by type B cells but is required for producing a Ca 2+ elevation to 8-bromo-cGMP application. Therefore, Trpc2, but not Cnga2, is the critical ion channel for the generation of low-oxygen-evoked Ca 2+ responses in type B cells.
Atypical soluble guanylate cyclases of invertebrates contain heme-nitric oxide and oxygen-binding domains that can form a stable complex with oxygen (Derbyshire and Marletta, 2012; Gray et al., 2004; Morton, 2004) . We applied ODQ (10 mM), a chemical that targets such domains and inhibits soluble guanylate cyclases by oxidation of the ferrous iron in the heme cofactor (Derbyshire and Marletta, 2012) . We observed that low-oxygen-evoked responses of type B cells were eliminated following ODQ treatment ( Figure 2F ; Figure S1J ). Thus, heme-nitric oxide and oxygen-binding domains are required for the sensing of low oxygen by type B cells, consistent with the requirement for Gucy1b2.
Rat Gucy1b2, which exhibits a high amino acid sequence identity to mouse Gucy1b2, can be enzymatically active and produce cGMP in the absence of another subunit (Koglin et al., 2001) . One potential route of how cGMP formation can evoke neuronal excitation is through phosphorylation via a cGMP-activated protein kinase (PKG). Low-oxygen-evoked responses of type B cells were eliminated in a reversible manner following treatment with the PKG inhibitor KT5823 (10 mM) ( Figures 2G and 2H ). This result indicates that a PKG is required for the sensing of low oxygen in type B cells and also argues that a rise in intracellular cGMP concentration underlies this response. Interestingly, the Ca 2+ elevation to 8-bromo-cGMP remained normal after KT5823 treatment (Figures 2I and 2H) , consistent with a model in which Trpc2 and Cnga2 are part of two independent signaling pathways in type B cells (see Discussion).
We assessed a role of endogenously produced nitric oxide (NO) in the response to low oxygen by inhibiting NO synthases (NOS) with the cell-permeable NOS inhibitor L-NAME (100 mM). This treatment had no effect on low-oxygen-evoked responses in type B cells ( Figures 2J and 2K) . Additionally, single-cell RNA sequencing (RNA-seq) analyses of type B cells revealed that these neurons do not express Nos1, Nos2, and Nos3 (Saraiva et al., 2015) . Together, these results rule out an involvement of endogenous NO produced through NOS activity in the sensing of low oxygen by type B cells.
Low Oxygen Activates Olfactory Bulb Neurons in the Vicinity of Type B Cell Glomeruli in Freely Breathing Mice
Based on the results of the single-cell experiments, we surmised that type B cells serve as sensitive detectors of reduced oxygen levels in the ambient air-environmental hypoxia. The axons of type B cells terminate in approximately three glomeruli on the posteroventral surface of the main olfactory bulb near the necklace glomeruli Mombaerts, 2014, 2015) , where they synapse onto olfactory bulb neurons. Type B cell glomeruli can be visualized in mice that are heterozygous or homozygous for the Gucy1b2-GFP mutation . We assessed activation of postsynaptic olfactory bulb neurons in the vicinity of type B cell glomeruli following exposure of mice to low environmental oxygen by using immunohistochemistry for the immediate early gene product c-Fos (Pé rez-Gó mez et al., 2015) ( Figure 3 ). Singly housed mice of three genotypes (Gucy1b2-GFP À/À mice used as reference mice, Gucy1b2-KO* +/À mice, and Gucy1b2-KO* À/À mice) were habituated to 20% O 2 in a testing arena for 30 min each day for 3 consecutive days. On day 4, mice were exposed to 20% O 2 for 30 min and subsequently to either 16% or 20% O 2 for an additional 10 min. Gucy1b2-GFP À/À mice responded to low oxygen exposure with a robust increase in the number of c-Fos immunoreactive cells that reside in the vicinity of type B cell glomeruli (Figures 3A, 3B, and 3G) . Similar results were obtained in Gucy1b2-KO* +/À mice (Figures 3C, 3D, and 3G ), but this response was abolished in Gucy1b2-KO* À/À mice ( Figures  3E-3G) .
We also assessed the specificity of type B cell glomeruli versus type A cell glomeruli in their responsivity to low oxygen exposure. Type A cell glomeruli reside at rostral positions on the ventral surface of the main olfactory bulb and can be visualized in heterozygous or homozygous Trp2-IRES-taumCherry mice Mombaerts, 2014, 2015) . In contrast to type B cell glomeruli, we found no evidence that postsynaptic olfactory bulb neurons in the vicinity of type A cell glomeruli were activated following in vivo exposure to low oxygen either in Gucy1b2-KO* +/À or in Gucy1b2-KO* À/À mice (Figures 3H and 3I) . These in vivo results are consistent with our Ca 2+ imaging experiments on single type A cells ( Figure S1D ) and confirm and extend our observations that low-oxygenevoked responses occur in type B cells, but not in type A cells.
These results demonstrate the physiological relevance of low oxygen detection by type B cells in awake, behaving mice and link the sensing of low environmental oxygen to type B cells in a biologically relevant context. A and B) , of Gucy1b2-KO* +/À mice (C and D), and of Gucy1b2-KO* À/À mice (E and F). Mice were exposed to normal (147 mmHg, 20%) (A, C, and E) or low (120 mmHg, 16%) (B, D, and F) oxygen. Sagittal sections were derived from olfactory bulbs. The intrinsic fluorescence of GFP or the immunoreactivity for mCherry identifies presynaptic axons and outlines the dense glomerular neuropil. The c-Fos immunoreactivity denotes the activity of postsynaptic olfactory bulb neurons. Scale bar, 50 mm. (G) Quantification of c-Fos+ nuclei reveals that exposure to low environmental oxygen caused a significant increase in neuronal activity in the vicinity of type B cell glomeruli of Gucy1b2-GFP À/À mice (used as reference mice) and Gucy1b2-KO* +/À mice. Responses in these two genotypes were indistinguishable from each other (LSD: p = 0.95). By contrast, this response was absent in Gucy1b2-KO* À/À mice (LSD: p = 0.14). ANOVA genotype: F(2,229) = 28.767, p < 0.0001; ANOVA treatment: F(1,229) = 105.600, p < 0.0001; LSD: ***p < 0.0001. The number of sections analyzed ranged from 23 to 57 per genotype and treatment. Number of mice is indicated above each bar. (H) c-Fos immunoreactivity in the vicinity of type A cell glomeruli in the olfactory bulbs of Gucy1b2-KO* +/À mice (left panels) and Gucy1b2-KO* À/À mice (right panels). Mice were exposed to normal (147 mmHg, 20%) or low (120 mmHg, 16%) oxygen. Scale bar, 50 mm. No c-Fos immunoreactivity was detetectable under these conditions. (I) Quantification of c-Fos+ nuclei reveals that exposure to low oxygen caused no significant increase in neuronal activity in the vicinity of type A cell glomeruli of Gucy1b2-KO* +/À or Gucy1b2-KO* À/À mice (ANOVA: F(1,251) = 0.134, p = 0.72). Basal c-Fos immunoreactivity was very low, and the two genotypes were indistinguishable from each other (ANOVA: F(1,251) = 2.712, p = 0.10). The number of sections analyzed ranged from 18 to 124 per genotype and treatment. Number of mice is indicated above each bar. (J) Plot of the oxygen levels measured in the ambient air of the behavioral chambers as used during in vivo experiments of activation of olfactory bulb neurons and conditioned place aversion. Concentrations were measured in percentage and converted into PO 2 (mmHg). Number of independent measurements is indicated. PCO 2 was <0.1% (0.76 mmHg). Results in histograms are presented as mean ± SEM.
Gucy1b2 and Trpc2 Are Required for Conditioned Place Aversion of a Low-Oxygen Environment
Given the importance of the olfactory system in mediating a variety of aversive behaviors (Li and Liberles, 2015; Pé rez-Gó mez et al., 2015) , we reasoned that exposure to low environmental oxygen may evoke an aversive response. We developed a conditioned place aversion assay in order to determine whether low oxygen has negative (aversive) motivational effects. A conditioned place aversion assay is a Pavlovian conditioning task established to capture the negative reinforcement that is associated with a given stimulus or environmental cue (Cunningham et al., 2006) . We determined that this test can reveal an aversive quality of low (16%) versus normal (20%) environmental oxygen levels as follows. Mice were tested in a twochamber apparatus ( Figures 4A and 4B ) in which they were trained daily for 3 days to associate 16% O 2 with one chamber. On the testing day, their preference of the 16%-paired chamber (but now at 20% O 2 ) was quantified. Gucy1b2-GFP À/À mice (used as reference mice) and Gucy1b2-KO +/À mice spent significantly more time in the 20%-paired chamber than in the 16%-paired chamber; this difference in dwell time yields a negative preference index, which represents an aversion of the low-oxygen environment (Figures 4B-4D) . By contrast, Gucy1b2-KO À/À mice failed to show a preference between the two chambers, indicating that Gucy1b2 is required for conditioned place aversion of low oxygen ( Figures 4B-4D ). Trpc2-KO* À/À mice also failed to display a preference for the 16%-versus the 20% O 2 -paired chamber in the assay, whereas Trpc2-KO* +/À mice showed a significant preference for the 20% O 2 -paired chamber (Figures 4E and 4F) . The requirement for Gucy1b2 and Trpc2 in this conditioned place aversion is consistent with a biological role of type B cells in sensing a low oxygen level in the ambient air.
To exclude that this behavioral phenotype may be caused by learning and memory deficits, we performed a Morris water maze assay (Vorhees and Williams, 2006) using Gucy1b2-GFP À/À mice and Gucy1b2-KO À/À mice. We analyzed the acquisition performance measured as latency to reach the platform ( Figure 4G ). We observed no significant difference in the performance between the two genotypes in this test. We also assessed the reference memory using single probe trials in the absence of the platform. We analyzed the time spent in each quadrant ( Figure 4H ) and the number of times crossing the area where the platform used to be located ( Figure 4I ). Again, there was no significant difference between the two genotypes. Therefore, Gucy1b2-KO À/À mice perform normally in a place learning assay, form and keep spatial memories, and exhibit proper spatial navigation. (C and D) Average dwell times and preference index of Gucy1b2-GFP À/À mice (used as reference mice), Gucy1b2-KO +/À mice and Gucy1b2-KO À/À mice for the 20%-versus 16%-paired chamber. ANOVA: F(5,22) = 3.728, p < 0.042; LSD: **p < 0.001; n.s., p = 0.79 (C); ANOVA: F(5,45) = 10.256, p < 0,002; LSD: **p < 0.001; n.s., p = 0.28) (D). (E and F) Average dwell times and preference index of Trpc2-KO* +/À mice and Trpc2-KO* À/À mice for the 20%-versus the 16%-paired chamber. ANOVA: F(3,40) = 6.7629, p < 0.001; LSD: ***p < 0.001; n.s., p = 0.81 (E); paired t test: t(20) = 2.2353, *p < 0.05 (F). The number of mice is indicated at each bar. (G) Plot of latency-to-find platform versus trial number in a Morris water maze assay for Gucy1b2-GFP À/À mice (n = 6) and Gucy1b2-KO À/À mice (n = 7). ANOVA genotype: F(1,103) = 1.22, p = 0.27. (H and I) Analysis of reference memory in a Morris water maze assay using single probe trials in the absence of the platform (P) for Gucy1b2-GFP À/À mice (n = 6) and Gucy1b2-KO À/À mice (n = 7). Percentage of time spent in each quadrant (H; ANOVA genotype: F(1,51) = 0.043, p = 0.84) and number of platform zone crossings in quadrant 1 (I; t test: t(11) = 0.364, p = 0.72) were analyzed. Results are presented as mean ± SEM. If Gucy1b2 expression were to also occur in neurons of the central nervous system, it may influence the interpretation of the behavioral experiments with the Gucy1b2-KO À/À mice. We analyzed selected brain regions for intrinsic GFP fluorescence using coronal sections from Gucy1b2-GFP À/À mice. This anatomical analysis included the piriform cortex, subdivisons of the amygdala, various hypothalamic nuclei, the hippocampus, the bed nucleus of the stria terminalis, the periaqueductal gray, and the nucleus accumbens ( Figure S3 ). The absence of GFP expression in these brain regions strengthens the functional link between the activation of type B cells by low environmental oxygen and conditioned place aversion.
Last, we performed whole-body plethysmography (Macías et al., 2014) to analyze a variety of standard respiratory parameters using unrestrained mice of three genotypes: Gucy1b2-KO À/À mice, Trpc2-KO À/À mice, and wild-type 129S6/ SvEvTac mice used as reference mice ( Figure S4 ). We found that Gucy1b2 and Trpc2 are not required for the hyperventilation response to low environmental oxygen (10% O 2 ), indicating that Gucy1b2 and Trpc2 are not required for carotid body responses.
DISCUSSION
Here, we have revealed a novel and unexpected role of the mouse olfactory system in sensing a low oxygen level in the ambient air. We have identified a neuronal subpopulation of the MOE with previously unknown function, type B cells, as sensors of low oxygen in the external environment. The physiological responses of these cells rely on signal transduction mechanisms that require Gucy1b2 and Trpc2 and that differ fundamentally from all previously identified oxygen sensors in mammals, including the glomus cells of the carotid body. Similar to what is the case for some invertebrate soluble guanylate cyclases, a heme domain of Gucy1b2 may bind molecular oxygen, but heterologous expression or functional gene transfer, combined with mutagenesis, will be required to test this hypothesis.
Our results suggest a model in which Trpc2 and Cnga2 are part of two independent signaling pathways. One pathway is activated by low oxygen and requires Gucy1b2, PKG, and Trpc2, and another pathway requires Cnga2, with unknown upstream signaling elements and stimulus detection properties. As both pathways probably depend on cGMP signaling, they may operate in spatially segregated compartments of type B cells. The finding that 8-bromo-cGMP application did not mimic activation of the Gucy1b2-dependent pathway may be explained by the fact that not all PKG isozymes are activated effectively by 8-bromo-cGMP (Francis et al., 2010 ). An obvious advantage of such a parallel signaling arrangement is that it would enable a multitasking capacity of the molecular networks formed by Gucy1b2, Trpc2, and Cnga2. We speculate that other chemical cues may be sensed by these neurons as well.
In freely breathing, awake, behaving mice, we find that a low oxygen level in the ambient air mediates an aversive behavioral response-conditioned place aversion-for which Gucy1b2 and Trpc2 are required. Conditional knockouts of Gucy1b2 or Trpc2 exclusively in type B cells will be needed to demonstrate that this behavior is mediated exclusively by these cells. Such experiments await the identification of a type B cell-specific pro-moter or locus to generate a Cre driver mouse strain with the appropriate specificity. For now, our interpretation of the lack of discrimination between 16% and 20% in Gucy1b2 knockout mice and in Trpc2 knockout mice is that these behavioral deficits are fully consistent with the biological role of type B cells that we propose in detecting a reduced oxygen level in the ambient air. This aversive behavior would enable a mouse to assess external environments with differing oxygen levels and to stay within a preferred environment. As virtually all rodents, including mice, display burrowing behavior and use burrows as a defense against predators and as a safe place to rear young (Deacon, 2006) , peripheral sensing of low oxygen by type B cells may contribute to identifying and remembering appropriate locations for burrowing and nest building.
In invertebrates, changes in O 2 levels in the external environment are detected by atypical soluble guanylate cyclases (Scott, 2011) . In the nematode Caenorhabditis elegans, distinct guanylate cyclase genes (gcy-35/36 and gcy-31/33) are expressed in two pairs of sensory neurons that function in opposing directions to select an environment with a preferred O 2 level; the cGMPgenerating enzymes are activated by O 2 increases or decreases, respectively (Cheung et al., 2005; Gray et al., 2004; Zimmer et al., 2009) . In Drosophila melanogaster, O 2 -sensitive guanylate cyclaces mediate feeding and escape behaviors to hypoxic or hyperoxic environments (Vermehren-Schmaedick et al., 2010) . Thus, nematodes and fruitflies sense O 2 levels below and above a particular setpoint or range and have developed sensors for hypoxia and hyperoxia. In terrestrial mammals, such as mice, the preferred O 2 level is presumably the atmospheric level of 21%, so it makes evolutionarily sense to develop sensors only for hypoxic conditions. We note that GUCY1B2 and TRPC2 are pseudogenes in human.
CONCLUSION
Type B cells may enable a mouse to rapidly assess the oxygen level in the external environment well before its arterial blood has become hypoxic and its survival is compromised. This peripheral oxygen-sensing system may influence certain social behaviors, such as nest building and other parenting behaviors, because newborns are particularly liable to suffer from hypoxia. Our study also establishes the first physiological and biological function for Trpc2 expression outside VSNs.
EXPERIMENTAL PROCEDURES
All mouse experiments and animal care were performed in accordance with institutional and national guidelines and regulations. 
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